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ABSTRACT

Observations of the type and distribution of particles above the 0°C isotherm in three Atlantic hurricanes
are presented. Supercooled drops, graupel, columns and aggregated snowflakes were observed. The superco_oled
drops were found only in convective updrafts stronger than 5 m s™', but not all updrafts > 5 ms™* conta3ned
appreciable liquid. Graupel was found in all updrafts at temperatures < —2°C, and small columns were sometimes
found in downdrafts. Nonconvective rainbands contained 15-30 L™ of snow composed of columns and what
appeared to be large aggregates. Other stratiform regions contained 1-15 L~! of medium and large aggregates;
columns were occasionally found there also but only within about 15 km of convection. Hurricane convection
is almost completely glaciated at the —5°C level. It is suggested that the ice particles observed at 6.0 km inside
the convection result primarily from downward mixing on both sides of the eyewall updraft of ice formed in
the convective areas at higher, colder levels. The ice in the stratiform areas is believed to have fallen from the

high-level (6 km and higher) eyewall cutflow.

1. Introduction

The role of ice in the dynamic structure and evo-
lution of hurricanes is not well understood. In natural
cloud systems, ice particles may nucleate on atmo-
spheric aerosols (primary nucleation), through colli-
sions between ice particles, or during graupel growth
(secondary nucleation). Measurements of natural ice
nuclei have been made at many locations, including
the tropics, by numerous researchers using a variety of
techniques (Pruppacher and Klett, 1978, p. 241-248).
In unpolluted air, these measurements have consis-
tently found low concentrations (<1 L™!) of natural
ice nuclei active at temperatures warmer than —15 to
—20°C. High concentrations of ice at temperatures
warmer than those at which large numbers of natural
ice nuclei are active can be explained either by sec-
ondary nucleation or advection of ice formed elsewhere
at colder temperatures. Two possible mechanisms for
introducing ice into clouds are entrainment of ice from
clouds formed earlier at the same place (Keller and
Sax, 1981) and natural seeding of growing clouds with
ice falling from a higher, upwind cirrus layer through
the cloud top (Heymsfield et al., 1979).

The effect of ice microphysics upon the dynamic
structure of hurricanes is being studied with the aid of
numerical hurricane models. Lord et al. (1984) devel-
oped a model that parameterizes the ice processes by
applying somewhat arbitrary linear conversion rates as
functions of temperature and saturation between lig-

uid, graupel, and snowflakes. Their results indicate that
the presence of ice influences the structure of the storm
by maintaining mesoscale downdrafts near the 0°C
isotherm over wide areas outside the eyewall. To in-
clude more realistic ice-phase microphysics in dynamic
models, it is necessary to know the range of particle
types, concentrations, and sizes, as well as the sources
of natural ice in hurricanes. Furthermore, since the
nucleation and growth of ice particles can invigorate
cloud growth through the release of additional latent
heat and may possibly affect hurricane intensification,
it is important to measure the number and shape of
the ice particles along with the supercooled water con-
tent. ,

Early observational studies of the precipitation in
hurricanes were conducted in the regions warmer than
0°C (Ackerman, 1963). These studies revealed that the
liquid water content of hurricane clouds was much
lower than the adiabatic value, presumably because of
rainout. This result was confirmed as part of a study
by Jorgensen and Willis (1982) that used considerably
improved instrumentation. In spite of the lack of mi-
crophysical observations at temperatures colder than
0°C in hurricanes, the postulated existence of large
amounts of supercooled water in hurricane convection
formed the basis for Project STORMFURY, a hurri-
cane modification project conducted in the 1960s
(Willoughby et al., 1985). The only previously pub-
lished study on tropical cloud systems for which ice
particle image data were collected was the Winter
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Monsoon Experiment (WMONEX). These data
(Churchill and Houze, 1984) were gathered at about
7.8 km altitude (about —17°C) in both the convective
and stratiform regions of tropical oceanic cloud clus-
ters. In convective regions, they found only rounded
particles (presumably graupel), while in stratiform re-
gions, columns, branched crystals and aggregated
snowflakes were found. The altitudes at which these
data were gathered were higher, and the temperatures
were colder than in this study.

This study presents the first attempt at a compre-
hensive description of the complex microphysical
structure of hurricane convection above the 0°C iso-
therm. We will present the data in terms of its relation
to the eyewall, rainbands’, stratiform areas, and storm
asymmetry to better infer the origins and transport of
the ice in the hurricane. In particular, the observations
were aimed at examining convective areas of the storm
where supercooled water might occur, as such regions
have the potential for the release of the latent heat of
fusion when seeded with ice or ice nuclei. The data
presented here were gathered with the NOAA WP-3D
aircraft in three Atlantic hurricanes: Ella (1 September
1978), Allen (5 and 8 August 1980), and Irene (26 Sep-
tember 1981). Ella and Allen were mature, well-orga-
nized storms, while Irene was not so well organized
and comparatively weak. The temperatures at which
good data were obtained in these hurricanes are about
—5°C. The microphysical data from Allen and Irene
are particularly noteworthy because of the great volume
of high-quality particle images gathered at altitudes
above the 0°C isotherm. As discussed later, Allen on
5 August was much different in radar appearance from
Allen on 8 August, and Irene had only a strong rain-
band without an eyewall.

Section 2 presents descriptions of the instruments
and analysis procedures. Representative observations
from Hurricanes Ella, Allen and Irene are described in
sections 3-6. These sections illustrate major micro-
physical features that were observed on many occasions
in these storms. The discussion and conclus1ons are
presented in sections 7 and 8.

2. Instrumentation and data analysis
a. Instrumentation

The NOAA WP-3D carries a full complement of
meteorological sensors, cloud physics instrumentation
and digital radar. The cloud physics instruments pack-
age comprises the two-dimensional (2-D) optical array
probes manufactured by Particle Measuring Systems,
Inc. (PMS), the PMS Forward Scattering Spectrometer
Probe (FSSP) (Knollenberg, 1981, pp. 53-63), a John-

son-Williams (JW) liquid water meter, and a formvar

' The term rainband is derived from the occurrence of banded
radar echoes spiraling around the wind center and does not necessarily
imply rain formation at temperatures below 0°C.
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replicator (Hallett, 1976). On the NOAA aircraft, the
precipitation probe (2D-P) has a diameter range of 0.2~
6.4 mm in 0.2 mm steps, and the cloud probe (2D-C)
range is 0.05-1.6 mm in 0.05 mm steps. All three PMS
probes were mounted under the left wingtip of the WP-
3D with the 2-D probe arms oriented vertically. These
same probes were used in a comprehensive study of
liquid precipitation from mature hurricanes (Jorgensen
and Willis, 1982). Since 1980, the 2D-C has contained
the phase-discrimination option, which measures the
amount of depolarization caused by particles to identify
ice particles. The depolarization option detects ap-
proximately 30% of the total number of ice particles
present, and <10% of the raindrops greater than | mm
in diameter (Knollenberg, 1981, p. 58).

The other major cloud physics instrument was a
formvar replicator. Particles enter the replicator
through a slit and impact upon a film coated with
formvar solution, which is dried and then taken up on
a reel. The formvar replicator is capable of preserving
particles of 0.005-2 mm in diameter, thus enabling an
observer to distinguish between water and ice in many
instances and also to estimate particle concentrations.
Gradual degradation of the performance of the repli-
cator occurs in sustained flight through thick ice clouds
because ice and splashed formvar solution eventually
obstruct the entrance slit, so that data are not available
everywhere along the flight track.

Other instruments used in this study are the Rose-
mount Total Temperature Probe (model 102) and dig-
itized radar. Rosemount temperature probes are known
to underestimate the air temperature by 1-2°C in liquid
water clouds (Lenschow and Pennell, 1974). With this
caveat in mind, the temperatures given in this paper
were corrected only for airspeed effects and can be
considered completely accurate only outside liquid
water regions. The radar data (Jorgensen, 1984a) con-
sisted of horizontal plan position indicator (PPI) and
vertical range-height indicator (RHI) scans obtained
with the lower fuselage radar (PPI, 5.5 cm), and the
tail radar (RHI, 3.0 cm). The lower fuselage radar data
were composited to produce horizontal representations
over selected areas of the storm, usually centered on
the eye. The method used to create the composite figure
(Marks, 1985) emphasizes features that exist for a sub-
stantial portion of the composite period, two hours in
this case. The PPI scans were made at small (<2°)
downward tilt angles, and they represent a typical radar
view of the storm near the flight altitude. Vertical cross-
sections along the flight track were produced from the
tail-radar data.

b. Data analysis procedures

Because of the lack of independent corroborating
particle-type data, the 2D-C particle image data were
subjectively classified by hand. The 2D-P data were
not analyzed as extensively as the 2D-C data. The 2D-
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TABLE 1. Size ranges of the principal microphysical sensors'on
the NOAA WP-3D aircraft.

; Size range
Instrument (mm)
1. Formvar replicator ~0.005-2
2. Johnson-Williams LWC " < ~0.04
3. PMS FSSP-100 (Max) 0.003-0.045
4. PMS 2D-C 0.05 ~1.60
5. PMS 2D-P 0.20 -6.40

P data were used only to confirm or deny the presence
of large particles and to estimate the concentration of
particles with diameters > 1 mm. This procedure was
used because of the great overlap of the 2-D probe size
ranges (Table 1). A peculiar feature of the 2D-C image
data is that in rain, all of the drops > ~ | mm in
diameter are elongated, with the major axis canted at
about 45° to the aircraft motion. That this canting is
real was demonstrated in the 1981 data. Between the

1980 and 1981 field seasons, the 2D-C was inverted -

with respect to its 1980 position, and raindrop images
in the 1981 data remained elongated and canted, but
the major axis of the image was rotated 90° with respect
to the 1980 data. It is interesting that the canted rain-
drops are asymmetrical about their major axis, with
one side flattened as occurs in raindrops > 1 mm di-
ameter failing in still air (Fig. 1). The flattening of these
images is about twice as great as expected for raindrops
of this size falling at terminal velocity in still air, sug-
gesting that the drops are being additionally deformed
in the accelerated airflow around the probe support
pylons. Graupel or any other ice images were not
canted or deformed in any way. The observed shapes
provide an unequivocal means of identifying super-
cooled raindrops. )

The four categories of particle that we found, and
the criteria used to identify them are as follows.

1) Canted, elongated images greater than about 0.8
mm were all classified as liquid. Particles with diameters
from 0.4-0.8 mm were classified as liquid if the images
were rounded and the images were recorded in areas
with JW liquid water content (lwc) > 0.1 g m™>, tem-
perature > —1°C, or updraft > 1 m s™'. Particles of
<0.4 mm diameter were always classified as liquid un-
less the criteria in 4) below were met.

2) Graupel particles were all nearly round images
of >0.5 mm diameter located at temperatures < —1°C

in areas without updrafts. In updrafts where JW liquid

water was present, images had to be >1 mm in di-
ameter, rounded, and could not be canted to be con-
sidered graupel, in order to avoid confusion with rain-
drops.

3) A column was an approximately rectangular im-
age whose maximum length was at least twice its min-
imum length.
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4) Snowflakes included all other images since no
other regular crystal habits were present in the data.
Particles of longest dimension < 0.4 mm were consid-
ered to be ice if the JW lwc was <0.3 g m™3, the vertical
motions did not exceed 1 m s~!, and the temperature
was < —1°C.

The identification of medium and small graupel from

- 2-D images is difficult because those particles often look

like small rain drops. Consequently, the graupel dis-
crimination was subjectively based upon the visual ap-
pearance, JW liquid water, and vertical velocity. In
doubtful cases, the particle was assumed to be graupel
if the output of the 2D-C phase-discrimination option
indicated a strong (level 2 or more out of 8 levels) cross-
polarization component to the signal. These criteria
appeared to be adequate because the observed low up-
draft velocities at 50 kPa in hurricanes (Jorgensen et
al., 1985) cannot support large particles.

Software for use on a minicomputer was written to
compute the 2-D particle sizes according to the equiv-
alent circle diameter of the image, the number con-
centrations, and water content. Equivalent circle di-
ameter is the diameter of a circle with the same area
as the particle. For purposes of this study, the particle
sizes were divided into small, medium, and large

- classes. Small particles were those of diameters from

0.05 to 0.5 mm, medium particles were of 0.5 to 1.05
mm diameter, and large particles were those >1.05 mm
in diameter. These classifications are essentially the
same as those used by Churchill and Houze (1984).
The 2-D images were examined by computer to
eliminate “‘artifact” images caused by particles that
disintegrate within the field of view. Zero-area images
were also rejected on the grounds that they were in-
distinguishable from electronically generated false time
codes not associated with cloud particlés. Images with-
the maximum dimension on an edge of the field of
view were rejected to eliminate partial images. Images
with a gap parallel to the diode array were rejected to
eliminate splashes and fragmented ice images. Images
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FIG. 1. Raindrop and graupel images taken in Hurricane Irene in
1981. (a) Raindrop images from a pass at 1.5 km (+15°C) on 27
September, and (b) graupel images from 6.2 km (—5°C) on 26 Sep-
tember. Note the elongation and canting in the raindrop images in
comparison to the graupel images.
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whose temporal separation was not within two standard
deviations of the mean separation for the record were
rejected to prevent distortion of the concentrations by
either any of the numerous small droplets associated
with splashes, or the first particle following a long gap
without particles. This test assumed that the particle
separation times formed an exponential distribution.
Streakers, images recorded when liquid water is shed
from the probe tips, were eliminated by rejecting images
with a maximum extent perpendicular to the diode
array > 4 times the parallel extent, 6 times if the image
was wholly inside the field of view. Finally, images with
an area less than 0.4 times the product of the parallel
and perpendicular extents were rejected to eliminate
splashes and fragments not rejected by the other cri-
teria.

These tests typically eliminate from 20 to 50% of
the original particles recorded by the 2-D probes.
Streakers comprised a maximum of 20 to 30% of all
images in rain areas, to less than 3% of all images else-
where. They never accounted for more than 10% of
the elapsed time in a 2-D record. Sample volumes,
particle number concentrations, liquid water content,
approximate ice water content, and 5.5 cm radar re-
flectivity were calculated only from the acceptable par-
ticles. The reflectivity and some of the water content
calculations will be presented in a later paper. In ad-
dition, all of the images themselves were plotted on a
dot-matrix plotter to aid in the interpretation of the
computer results.

The formvar data were analyzed with a standard 16
mm projector. Particles that appeared on each frame
were counted, sized and identified visually. Timing was
fixed by marks placed on the film at known times and
the film transport speed was recorded as it was exposed,
thus the sample volume for each frame was obtained
and the observed particle concentrations were calcu-
lated.

3. Hurricane Ella—1 September 1978

" On 1 September 1978 Hurricane Ella was a mature,
moderately well-organized hurricane (Fig. 2a). The
storm was over the Atlantic Ocean about 500 km
southeast of Cape Hatteras and was moving slowly to-
ward the northwest (Lawrence, 1979). The minimum
central pressure and strongest tangential winds as re-
corded by research aircraft were 95.9 kPa and 50 m
s™!, respectively. Following the terminology of Wil-
loughby et al. (1984), Ella had a closed, circular eye
and a well-defined principal rainband that extended
from about 50 km on the west of the eye around the
south side to 15 km on the north of the center. Most
of the intense radar echoes in Ella were southeast of a
line through the center and oriented from southwest
to northeast. The aircraft flight pattern consisted of
radial legs at constant radar altitude passing through
the radar eye and symmetrically arranged in direction.
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This flight pattern, as well as those for all other high
altitude hurricane research missions, was specified be-
fore the flight and was followed strictly throughout the
mission. Several radial penetrations from the principal
rainband to the eye were completed.

a. Principal rainband pass and part of eyewall

The first penetration (1851:00-1857:00; all times
GMT) of Ella was at an altitude of 6500 m and a tem-
perature of about —9.0°C. The radial leg began on the
southwest side of the storm and intersected both the
principal rainband and the eyewall. On this pass, no
detailed temperature, JW lwc, vertical velocity, or po-
sition data are available because the original data were
inadvertently destroyed during the flight, but good
formvar data were obtained. In both the principal rain-
band and the eyewall, the formvar analysis revealed
the presence of either graupel or snowflakes of 0.5-2.0
mm diameter in concentrations up to 100 L™! and ice
water contents up to about 3 g m™>, assuming an ice
particle density of 0.1 g cm™>. Ice particle concentra-
tions of about 2 L™! were observed in the region be-
tween the principal rainband and the outer edge of the
eyewall.

- Although the formvar data showed primarily snow
and graupel, some unrimed columnar crystals (Fig. 3)
were found in the rainband at about 1852:00. The
identification of these columnar ice crystals is signifi-
cant because columnar ice grows only at temperatures
near —4°C, yet there was little supercooled cloud water
where the columns were found. Thus, it is inferred that
the columns were grown at a warmer, lower level and
were carried up to the flight level.

The PMS probe data (Fig. 4) corroborated the form-
var record, with 2D-P (graupel) particle concentrations
of 1-19 L', In the rainband itself, the 2D-P particle
concentration averaged 11 L™' from 1851:35 to
1853:00, with a maximum of 19 L~! at 1852:20. Out-
side the rainband from 1853:30 to 1855:40, the 2D-P
concentration averaged 1-2 L™!. Small particle con-
centration data observed by the 2D-C probe ranged
from about 5 to over 100 L™, all of which the replicator
showed to be graupel particles of snowflakes. The 2D-
C concentration in the rainband averaged 40 L™! with
several concentration spikes > 100 L™! and a maxi-
mum of 172 L~ at 1851:50. Outside the rainband, the
2D-C concentration averaged 1 L', Most of the large
particles appeared to be snowflakes.

Cloud droplet data gathered near the eyewall with
the replicator revealed droplets in all size .categories
(Fig. 5). These spectra illustrate the wide variability of
the droplet size distribution in these clouds, which in-
dicates that strong mixing took place in them. Regions
containing cloud water droplets were identified both
at the inner edge of the rainband and just before the
aircraft entered the eye at about 1857:00. The cloud
droplets were found in low concentrations (<100 cm™)
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over about 0.5 km in the rainband, and in somewhat
higher concentrations in the outer portion of the eye-
wall. In this portion of the eyewall, the cloud liquid
water content was ~0.5 g m ™ and the ice water content
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was ~0:25 g m~3. It is interesting that the 0.5 Hz FSSP
cloud droplet size distributions and number concen-
trations showed wide variability and counts in all parts
of its size range. In all of the regions where the replicator
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FiG. 2. Horizontal radar composites at 5.5 cm of the three hurricanes involved in this study. The domain of these composites is 240 km
square, the altitude is about 6.0 km and the reflectivity levels are at 25, 30, 35 and 40 dBZ.

(a) Hurricane Ella (1 September 1978) during the traverse from 1931-2000 GMT. The principal rainband is marked “P.”
(b) Hurricane Allen (5 August 1980) near the time of the circumnavigation of the storm from 1620 to 1820 GMT.

(c) Hurricane Allen (8 August 1980). The pass discussed in the text penetrated the eyewall on the west side.

(d) Hurricane Irene (26 September 1981) during the rainband circumnavigation of 1530-1614 GMT. The radial pass of 1408-1418 GMT

traversed an intense core near the downwind edge of the raindband.
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F1G. 3. Formvar replica of graupel and unrimed column sampled
in the rainband of Ella at about 1852 GMT.

recorded cloud droplets, graupel or snowflakes were
also present in concentrations of about 0.2 L',

b. Eyewall penetration

The formvar replicator was inoperative during the
eyewall penetration (1932:00-1950:00) and subse-
quently, but the PMS data and the meteorological flight
data were recorded as the aircraft flew out of the eye
radially toward the southeast. This traverse occurred
at the coldest temperature (~ —7°C) from which 2-D
data are available. The variations of temperature, JW
liquid water, vertical velocity, and 2-D concentration
as a function of time are shown from the eye to the
principal rainband (Fig. 6). Note the downdrafts that
occurred on the inside edge of the eyewall at 1940:30
and 1942:30. These downdrafts occurred in air that
was essentially clear, without detectable cloud liquid
water. The 12 m s™! updraft peak at 1940:10 in the
northwest eyewall onty had 0.5 g m™> JW lwc, but the
3-4 m 57! updraft in the southeast eyewall centered at
1942:45 contained about 2.0 g m~> of JW liquid water.
The low JW lwc in the 1940:10 updraft might be ex-
plained by the presence of precipitation-size particles
there, but no particle data were available.
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The eyewall updraft at 1942:45 contained only 2
L~!large (>1.05 mm diameter) supercooled raindrops
and graupel (2D-P), but the 2D-C concentration varied
from 20 to 75 L ™! and increased rapidly as a downdraft
on the outer edge of the eyewall was approached. At
the inner edge of the updraft, the 2D-C ice particle
concentration was <5 L™, but the proportion of ice
particles in the 2D-C images increased to 100% by
1943:00. The downdraft in the southeast eyewall
reached 3 m s™! at 1943:50. The peak 2D-P concen-
tration of 36 L™! was encountered at 1943:30 in this
downdraft, where most of the larger particles appeared
to be graupel. At the same time, the 2D-C concentra-
tion was well over 400 L~!, peaking at about 680 L™,
The poor quality of many of the 2D-C images renders
these concentrations doubtful, however. Many of the
smaller (2D-C) images in the concentration peak ap-
peared to be columnar, similar to the columns recorded
by the formvar replicator earlier. After about 1944:00,
all of the particles were graupel or snowflakes. The 2D-
P concentration outside the eyewall was 10-20 L™},
while the 2D-C concentration was 20-50 L™,

Although specific observations were not made, Ella
had substantial electrical activity, with lightning flashes
observed at about 30-second intervals, during the eye-
wall penetrations (V. Keller, private communication,
1985).

4. Hurricane Allen—5 August 1980

Hurricane Allen was a mature, well-organized storm
on 5 August 1980 and was characterized by an exten-
sive cirrus canopy that covered much of the storm cir-
culation (Lawrence and Pelissier, 1981). On 5 August,
Allen had an outer eyewall 70 km in diameter sur-
rounding a smaller, dissipating inner eye 20 km in di-
ameter. The average minimum sea level pressure was
about 95 kPa and the maximum tangential wind was
approximately 60 m s~ (Willoughby et al., 1982). Allen
was located in the Caribbean Sea about 150 km south
of Hispanola (Haiti) and was moving west at about 10
m s~!. Allen’s convection was distributed in a complete
circular eyewall, but the most intense radar echoes were
in the north and northwest sectors of the storm. Upon
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FIG. 4. 2-D particle number concentration measured
during the first radial pass through Ella.
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arrival, the aircraft made two perpendicular radial
passes at maximum altitude (5.5-6.3 km) through the
eyewall to beyond the principal rainband and back.
Then it began flying radial penetrations and exits along
the northwest-southeast azimuth at various altitudes.
After flying the radial pattern for about 6 hours, the
aircraft completed a downwind circumnavigation of
the storm at 6 km in the principal rainband. Within
each radial leg and the circumnavigation, the radar
altitude was constant. No lightning was observed, but
most of the flight took place during daylight hours.
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A radar composite made on this day (Fig. 2b) reveals
the main features of the convection in the outer eyewall
and principal rainband at 6.0 km altitude. Note, in
particular, the very strong reflectivity of the outer eye-
wall, the relatively weak reflectivity of the rainband,
and the symmetry of the eyewall reflectivity compared
with the pronounced asymmetry in Ella. The convec-
tion in the inner eyewall was relatively weak and is not
clearly depicted in the radar composite at 6.0 km. In
the following discussion, we describe traverses of weak
and strong portions of the outer eyewall, and then the
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FG. 5. Formvar cloud droplet size spectra in the rainband and eyewall of Hurricane Ella. (a) At inner edge of
rainband near 1852:15. (b) Outer edge of eyewall near 1856:00. (c) As in (b), but near 1856:10. (d) As in (c), but at

about 1857:00.
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circumnavigation. The term eyewall will always refer.
to the outer eyewall of Allen on this date.

a. Traverse of weak part of eyewall, 5 August 1980

Figure 7 shows the variations of temperature, vertical
wind speed, JW liquid water content, and 2-D con-
centration measured as the aircraft penetrated a typical
weak updraft in the eyewall on the inbound leg from
the northwest side from 1432-1442. This portion of
the eyewall was characterized by 2-4 m s~ updrafts
and only 0.2-0.4 g m~3 cloud liquid water content be-
fore the aircraft crossed the 0°C isotherm, and 1.0 g
m™? afterward. The eyewall horizontal temperature
. gradient on this radial was weaker than that on the
north radial only 30 minutes later. This portion of the
eyewall had fewer particles in its updrafts than occurred
either in its downdrafts or in the outer stratiform region,
and the average particle concentration on this pene-
tration was less than in the strong north eyewall. The
2-D concentrations were not well correlated with the
vertical wind speeds.

An examination of the JW liquid water content and
the vertical wind shows that between 1436:30 and
1437:00, the updraft reached nearly 4.0 m s~! but the
JW liquid water content never exceeded 0.4 g m™> until
about 1437:30, when the temperature in the updraft
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had climbed above 0°C. This behavior is consistent
with a glaciated updraft because penetrations at tem-
peratures warmer than 0°C had liquid water contents
> 1gm™>in 4.0 m s~ updrafts (e.g., see 1453:40 in
Fig. 8). Again, there was a downdraft on the inside
edge of the eyewall at 1437:40.

The outer (colder) portion of this traverse was almost
totally glaciated (Fig. 7), but the quantity of ice de-
creased rapidly as the aircraft entered regions warmer
than 0°C. The 2D-C images observed between 1436:30
and 1437:00 indicate that ice particles existed close to
the 0°C isotherm.

A comparison of the images recorded radially outside
the eyewall convection with those in the eyewall reveals
substantial differences in particle type between the two
regions. Some particles observed outside the eyewall
exhibited the columnar and needlelike combination
shapes characteristic of growth near —4°C at water sat-
uration. These particles were mixed with the more
usual assortment of snowflakes and graupel-like shapes,
but the columnar forms seemed to be the most nu-
merous at certain points outside the major convective
cores. Many of the particles outside the eyewall were
larger than about 0.5 mm, and large particles made up
a greater percentage of the particle concentration. The
particle mix outside the eyewall resulted in flatter par-
ticle spectra there, in contrast with the eyewall, where
many new particles were continuously formed in the
updrafts.

b. Strong eyewall traverse, 5 August 1980

The next leg extended out from the eye toward the
northwest. On this traverse, the aircraft encountered
the widest, strongest updraft (12 m s™! peak, 7 m s~!
average) measured in Allen near the 0°C isotherm. The
variations of temperature, vertical wind speed, JW lig-
uid water content, and 2-D concentration (Fig. 8)
clearly show the entrance into the main eyewall at
1456:00. The JW spike at 1453:30 is from the remnants
of the inner eyewall. As expected, the JW peak is well
correlated with the active updraft at these warm tem-
peratures.

In the main updraft, the medium and large particles
were primarily raindrops with a concentration of 20
L-!. A few of the particles on the edge of the main
updraft appeared to be well-defined graupel (Fig. 8) on
the basis of irregular, uncanted outline in the 2D-C
images, and depolarization signal. This graupel indi-
cated that the temperature of this part of the updraft
was colder than 0°C and that strong lateral mixing had
occurred. As the aircraft entered the eyewall downdraft
farther out from the eye, the water drops disappeared
and were replaced by graupel and other small ice. The
transition between essentially all water and all ice par-
ticles in this instance was very sharp, and occurred in
<100 meters along the flight track. At 1457:30, the
aircraft encountered a 4 m s~! downdraft and the par-
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ticle concentration abruptly increased to about 130 L™},
with 20 L~! identified as medium and large ice.

The particle size distribution also changed shape. In
locations where particles are growing in diameter, the
size spectra of cloud particles (0.01-3 mm) are steeply
sloped because of the rapid growth of small particles
and the fallout of the precipitation sized particles. In
the main updraft, the JW liquid water content exceeded
2 g m™3, but the 2D-C size spectra were relatively flat,
indicating that few of the small particles had the op-
portunity to grow large enough to be detected by the
2D-C before being collected by precipitation particles.
However, in the downdraft, the spectra were steeply
sloping with many small particles, and the JW liquid
water content was <0.2 g m~>. In this case, the indi-
vidual size spectra showed many particles < 0.5 mm
diameter and some particles > 1.0 mm diameter, but
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relatively few particles that were from 0.5-1.0 mm di-
ameter. Nearly all of the images of 0.5 mm diameter
or larger were graupel particles. The steeply sloping
particle size distribution in the downdraft indicated
that the aircraft was near a region of rapid particle for-
mation.

As the aircraft flew farther away from the eyewall,
no additional updrafts or downdrafts were encountered.
The particles had flat size spectra and were mostly ag-
gregated snowflakes. Particles of this type (Fig. 8) were
abundant in all stratiform.portions of Hurricane Allen.
The abundance of these particles is shown clearly in
the circumnavigation of the rainband.

¢. Principal rainband circumnavigation, 5 August 1980

From 1721:00 to 1750:00, the aircraft flew a cir-
cumnavigation of the storm downwind in the principal
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rainband at the 6.0 km (—5°C) level. This rainband
had a diffuse appearance on radar and was character-
ized by stratiform precipitation with uniform reflectiv-
ity at about 25 dBZ. The radar “brightband” was often
present at 4.5~5 km and few active convective cores
reached the 6 km level. The vertical winds during most
of this traverse seldom exceeded £1 m s™!, and the JW
liquid water content was greater than the background
noise level (0.1-0.2 ¢ m™3) only once. This traverse
provided a good azimuthal average of particle types
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and concentrations at the —5°C level in stratiform
areas.

Throughout the relatively nonturbulent portion of
the rainband, the particles were mainly a combination
of aggregated snowflakes, graupel, and columns. The
number concentration of these particles was higher, 20
L™ as opposed to 1-10 L™! between the principal rain-
band and the eyewall. At 1746:00, the aircraft encoun-
tered a 2.0 m s™! downdraft followed by a turbulent
updraft that peaked at 6.0 m s™'. Particle concentra-
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tions in this area followed the same pattern as in the
eyewall: high concentrations in the downdraft areas
and low concentrations in the updraft (Fig. 9). Signif-
icantly, nearly all of the particles > 0.5 mm diameter
in the updraft were identifiable as graupel. The ice par-
ticles had a concentration of 10 L™! compared with a
total particle concentration of 20~30 L™!. The particles
appeared to be millimeter diameter graupel and some-
what smaller irregular ice, a result consistent with
growth by rime accretion in an updraft. In the nearby
downdraft, the millimeter graupel as well as many
smaller particles were present in greater quantities. The
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ice in the rainband updraft at —5°C is in direct contrast
to the eyewall updrafts at 0 to —1°C, where very few
(if any) of the particles were ice.

5. Hurricane Allen—8 August 1980

By 8 August 1980, Hurricane Allen had moved into
the southern Gulf of Mexico west of Cuba. Visible sat-
ellite photographs show that its cirrus canopy was much
less dense and not so widespread (Lawrence and Pe-
lissier, 1981). The storm’s eye was about 25 km in di-
ameter, and the eyewall was completely isolated from
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the nearest rainband (part of which is visible in Fig.
2¢). This band was about 75 km from the eyewall at
its closest point. The central pressure on this date was
about 93 kPa and the maximum tangential wind was
about 60 m s™!. The aircraft flew cross patterns through
the eye at constant radar altitude, similar to those on
5 August, but the radial passes were more symmetri-
cally distributed. This day also had the only lightning
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observed in Allen, but again, most of the high altitude
penetrations occurred in daylight.

Figure 10 presents the variations of temperature,
vertical wind speed, JW liquid water content, and 2-
D concentration for one pass through the eyewall. This
pass penetrated a relatively strong, 5 km wide updraft
embedded in the eyewall. During the portion of the
pass from 2153:00 to 2157:00, no significant up- or
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downdrafts were encountered and the 2D-C particle
concentration was about 5-10 L. These particles were
columns, large snowflakes and graupel (Fig. 10). By
2157:00, the particles were mostly graupel, with vari-
able concentrations averaging 15-20 L™}, Just before
the updraft, there was a hint of a downdraft in the
vertical velocity profile. At this time, the 2D-C number
concentration increased to almost 160 L™'. The par-
ticles appeared to be graupel with small needles or col-
umns. As on the other passes, there was a downdraft
on the inside edge of the eyewall.

The peak eyewall updraft of 10 m s™! occurred at
2158:00 and lasted for about 15 s (2 km). The abrupt
rise of the JW liquid water content coincident with
both a strong updraft and a temperature near 0°C sug-
gests that the particles were liquid. All of the particles
observed in the central core of the updraft appeared to
be water, but some particles that may have been ice
were observed inside the eyewall in areas with weak
upward vertical velocities of 1-3 m s™! (at about
2158:20 in Fig. 10). No other ice particles were ob-
served, although the updraft continued for another 2
km until 2158:30. At 2201:00, a lightning strike dis-
abled the PMS probes. The aircraft was at the inside
edge of the eyewall about 1.5 km away from the eyewall
updraft at the time, but it had not yet entered clear air.

6. Hurricane Irene—26 September 1981

Irene was more convective and not so well organized
in comparison with Allen and Ella. On 26 September
1981, Irene was about 1500 km east of Puerto Rico
and moving northwest at about 7-8 m s™'. Irene’s
maximum surface winds were about 45 m s™!, and the
estimated minimum surface pressure was about 96.5
kPa. Irene was highly asymmetric, with a strongly con-
vective principal rainband that spiraled toward the
wind center from the outer regions and no eyewall (Fig.
2d). This band had some of the convective character-
istics of an eyewall, but unlike the eyewall of Allen,
the temperature at 6.2 km was —2 to —5°C instead of
+1°C. No lightning was observed in Irene. We will
discuss, in some detail, the radial pass through the
principal band and the partial downwind circumnav-
igation in the principal band. These passes encountered
some of the strongest vertical winds and the highest
reliable 2D-C particle concentrations observed above
the 0°C isotherm in an Atlantic hurricane. These passes
are presented both in order to highlight the particle
types found above the 0°C isotherm, and to compare
the findings in Allen with the strong convective rain-
band of Irene.

The radial variations of JW liquid water content,
vertical wind and temperature (Fig. 11) show that the
strongest updraft had maximum vertical velocities of
10 m s™! and 2.0 g m™3 cloud liquid water at ~2°C.
The large 2D-C concentration increase in the down-
draft area occurred where the particle phase changed
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from primarily liquid to solid. Again, as in the Allen
case, the transition between all supercooled water to
all ice occurred quickly, in <150 m along the flight
track. The 2D-P also showed a great increase in number
concentration at about 1415:10.

There were 2-3 large (>1.05 mm diameter) particles
per liter in the updraft out of 6-8 L™! total particles,
based upon the 2D-P spectra. Some of these particles
(Fig. 11) are graupel, and the rest were supercooled
raindrops. However, the central core of this updraft
contained only supercooled raindrops.

In the downdraft, the 2-D probes revealed a great
number of particles, many of which were quite close
to the lower resolution limit of the 2D-C. Some of these
particles were columns, which implies a growth tem-
perature of —4°C. From 1415:00 to 1416:30, the 2D-
C concentration peaked at over 200 L™!. Most of these
particles are clearly identifiable as ice. These particles
were generally 0.5 mm diameter or smaller, with rel-
atively few larger ones. Graupel was also much in ev-
idence at this point. The 2D-P concentration averaged
about 5 L™! in the downdraft and peaked at 20 L',
The 2D-C imaging revealed that nearly all of the par-
ticles observed with-the 2D-P were ice. At larger radii

“on this pass, a small amount of formvar data were col-

lected. These data corroborated the 2D-C data and
showed primarily unrimed ice particles and a few col-
umns.

a. Circumnavigation

From 1530 to 1600 GMT, the aircraft flew down
the length of the rainband at altitudes about 300 m
higher than the radial pass at temperatures near —5°C.
The strength of the convection in this rainband was
similar to that in the eyewall of Allen. We believe that
the conditions in Irene’s principal rainband are similar
to those in an eyewall at a temperature of —5°C. During
the circumnavigation, the aircraft encountered a long
series of convective updrafts (Figs. 12 and 13). The
larger updrafts were 5-10 km wide. Nearly all of them
contained graupel particles as well as liquid water. Only
the updrafis at 1535:30, 1539:00, and 1544:00 had any
medium or Jarger supercooled liquid water drops, and
these were less than half as numerous as graupel
particles of similar size. Except for the updraft of
1535:30, the only other updraft with a JW liquid water
content > 0.5 g m~ was at 1539:00, with a peak JW
liquid water content of about 0.7 g m™. _

The 2-D particle concentration along the circum-
navigation showed the usual pattern of relatively low
particle concentrations in the strong updrafts and sub-
stantially higher concentrations in the downdrafts. Be-
tween the start of the circumnavigation at 1527:00 and
1531:13, the 2D-P measured 8 L™! and the 2D-C
showed 100 L~'. The particles consisted of graupel,’
snow, and small ice particles, but the 2-D particle
number concentrations gradually decreased downwind
of this area. :
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Between 1531:30-1545:00, the 2D-P averaged 2-3
L~! and the 2D-C measured 30-40 L', No liquid water
was observed during the circumnavigation except for
short periods at 1535:30, 1537:30, 1539:00, 1541:30,
1541:50, and 1544:30. Closely spaced updrafts were
encountered until 1545:00, and all of the supercooled
water was found either inside or immediately down-
wind of >5 m s™! updrafts. Only the ~6 km wide
updraft at 1539:00 had a graupel-free core. Downwind
of these updraft regions, the 2D-P concentrations in-
creased to 11 L™! while the 2D-C measured about 140
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L' in the very turbulent area traversed between
1545:00 and 1553:00. The 2D-C concentration was
much more variable than the 2D-P concentration.
The 2D-C images (Figs. 12 and 13) give good ex-
amples of the particles in these updrafts. As can be
seen, the largest images are generally graupel. Outside
these convective updrafts, the particle types are a mix-
ture of graupel, snowflakes, and (occasionally) small
needles or columns. The column forms are important
because they are the only particles whose original crys-
tal habit has not been obscured. Since these particles
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were observed at —5°C, they are not likely to have
fallen far below their original altitude, although they
were certainly advected horizontally from their place
of origin by the 50-60 m s~! tangential winds. These
columns were observed from 1550 to 1552, about 60
km or more downwind from the major updraft that
the aircraft encountered at 1544. However, since the
aircraft encountered short-duration updrafts at 1549
and 1550, the flight path may have been on the edge
of larger, stronger updrafts. It is conceivable that the
smaller updrafts were the sources of the columns be-
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cause ice particles are more likely to bccome’heavil).'
rimed in larger updrafts where there is more available
cloud liquid water.

7. Discussion and synthesis

A synopsis of the vertical velocity, particle concen-
tration, and JW liquid water content data collected in
the updrafts and downdrafts from these three hurri-
canes is presented in Table 2. All of the data were gath-
ered at altitudes above 5.0 km at temperatures between
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—10and +5°C. The data were stratified by storm, tem-
perature, and JW liquid water content. Up and down-
drafts were defined according to the criteria for updraft
cores given by Jorgensen et al. (1985). Temperatures
were average values within the updraft or downdraft,
and the two columns at the far right refer to an average
of the peak vertical velocities encountered in those up-
drafts that contain rain, and the number of updrafts
in each category for which 2-D data were available.
No 2-D data from Hurricane Ella were included in the
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table. The vertical velocity magnitudes given in the
table represent the arithmetic means of the peak vertical
velocities encountered in each up or downdraft in each
category. Similarly, the JW lwc values also represent
the arithmetic means of the peak JW Iwc values ob-
served in each updraft. The 2-D particle concentrations
given are the arithmetic means of all 5.0 second average
values computed for the up and downdrafts in each
category. No rain was observed in downdrafts at tem-
peratures below 0°C.
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At 6.0 km in these hurricanes, few distinct types of
ice particles were observed that could be related directly
to the temperatures at which the particles grew. Rather,
particle type was more closely related to location rel-
ative to the convection. Table 2 clearly shows that su-
percooled rain is present at —5°C almost exclusively
in updrafts stronger than 5 m s~!, and that downdrafts
usually contain more particles than updrafts. Most of
the supercooled raindrops and cloud liquid water con-
tents > 0.5 g m~> were found in the intense eyewall-
like rainband of Irene. However, not all of the con-
vective updraft cores encountered in these storms
contain appreciable supercooled water. In convective
updrafts with ice particle concentrations greater than
10-20 L' at temperatures < 0°C, the observations
suggest that the ice particles grow rapidly enough by
vapor diffusion and riming at the expense of the cloud
droplets to prevent the development of cloud liquid
water contents > 0.5 g m™>. _

The work of Jorgensen (1984b) shows that in hur-
ricane Allen, the mean radial flow above the 2 km level
is outward from the eyewall, and below 2 km the mean
flow is inward. Jorgensen also documented the outward
radial slope of Allen’s eyewall updraft. There is no rea-
son to 'believe that other hurricanes are significantly
different from Allen in this respect. Thus, ice particles
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that formed in the deep eyewall convection appeared
to be injected into the mid- and upper level flow, where
they could be distributed over the entire storm by the
midlevel winds. The present dataset contained 20 radial
passes at temperatures < —2°C. Fourteen updraft cores
of >5 ms™! for >2 km were found, but only 4 of these
were at temperatures < —2°C. In the convective rain-
band of Irene, over 1.5 hours of flight time were spent
at the —5°C temperature level during tangential passes,
and 20 updraft cores > 5 m s~! were encountered. The
PMS data collected in stratiform precipitation is com-
prised of 3.5 hours of image data sampled in all parts
of the hurricanes. Jorgensen et al. (1985) stratified up-
draft cores from several hurricanes by their vertical
velocity, and compared them to updrafts measured for
GATE and the Thunderstorm Project. In that study,
the greatest one second integrated updraft speed in a
region of continuous upward motion was defined as
the peak updraft, and the mean updraft was the arith-
metic mean of all the one second values in the same
region. They found that a peak updraft at 6 km of 9
m s~! or more was stronger than 90% of the population
of peak hurricane updrafts at that level. Similarly, a
mean hurricane updraft of 4.7 m s™! is stronger than
90% of the population. Hurricane updrafts are much
weaker than the corresponding continental thunder-

TABLE 2. A synopsis of the vertical velocity, JW liquid water content, and 2-D particle
concentration data gathered in three Atlantic hurricanes.

Mean concentration Number
_ R @L’hH _ of
Number Vw TW oo No. 2-D V,(ms™) samples
Category up (ms™) (g m™3) samples 2D-P 2D-C (with rain) with rain
Updrafis*
T < -5°C,
JW>0gm™ 150 4.0 0.3 57 5.8 37.8 8.4 22
T<-5°C, ) :
JW=05gm™3 33 7.1 0.9 6 33 . 23.5 11.2 )
~5°C < T<-2°C,
JW>0 116 4.1 0.5 46 4.1 15.9 7.3 16
—5°C < T< —-2°C,
JIW=05gm™3 34 ' 7.4 0.9 16 4.1 16.8 9.8 7
T>-2°C, ]
JW>0gm™ 84 35 0.3 41 4.7 13.2 6.4 33
T> —-2°C,
JW=05gm™ 41 129 0.8 25 37 19.7 14.6 25
T < -5°C, .
JW=0 118 . 3.0 0 25 2.0 37.3 7.5 3
—5<T<-2°C, .
JW=0 : 105 2.2 0 30 1.9 11.8 6.6 2
T> —-2.0°C, : ' -
JW =0 76 2.3 0 7 1.8 33 2.6 7
Downdrafis**
T < -5°C - 24 -3.6 <0.1 13 8.9 76.7
—5 < T<-2°C 39 -3.3 <0.1 30 6.5 36.2 — —
T>-2°C 83 -2.7 <0.1 17 3.2 15.1

* In columns 3 and 8 IZW and IZW are maximum in updrafts.
** In columns 3 and 8 Vy and V,, are minimum in downdrafts.
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storm updrafts, and are similar in magnitude to the
GATE updrafts. The statistics of Jorgensen et al. are
representative of the convection sampled in this study
since the vertical velocity data gathered during Allen
is also included in their work.

The 10 m s™! updraft presented for the radial pen-
etration of Irene occurred in the strong convective
rainband and was one of the strongest updrafts in the
entire dataset. The identification of graupel, even on
the edge of an updraft of this magnitude at —2°C, is
significant, because primary ice nucleation is ineffective
at this temperature and secondary ice nucleation pro-
cesses need some ice particles to work. This updraft
was one of the few updrafts in the dataset 10 be com-
pletely free of graupel for a significant portion (about
33%) of its diameter, with little graupel for most of the
rest of its diameter. At 50 kPa, the fallspeed of a | mm
diameter water drop is about 5 m s™!, and the updrafts
are strongly tilted, so particles larger than about 1 mm
fall out of the weaker updrafts rapidly. Given the ob-
served updraft velocity distribution at 6 km and the
large graupel present in almost all updrafts, there is
little reason to expect large amounts of supercooled
water at this altitude in these hurricanes. Thus, it is
not surprising that little supercooled liquid precipita-
tion was observed, except in the strongest updrafts of
the hurricane eyewall. Moreover, the Irene circum-
navigations showed that the lack of supercooled water
at the —5°C level was real, not the result of poor sample
statistics on the radial passes.

When one considers the quantity of ice found in
hurricane convection, it is natural to attempt to deter-
mine its origin. Since ice nucleation from natural aero-
sols is not important at —5°C, a mechanism that can
produce ice given the typical microphysical structure
of maritime tropical cumulus clouds must be consid-
ered. The Hallett-Mossop secondary ice production
process (Hallett and Mossop, 1974; Mossop and Hal-
lett, 1974; Mossop, 1976, 1978; Foster and Hallett,
1982) is a possible mechanism. In this ice production
process, small ice particles are shed from the surface
of graupel growing in an updraft under a narrow range
of conditions. This mechanism requires that the fol-
lowing conditions be met simultaneously:

(a) droplets < 13 um diameter with concentrations
> ~100 cm™3,

(b) droplets > 25 um diameter with concentrations
> ~10cm73,

(c) presence of millimeter-diameter graupel,

(d) temperature between —3 and —8°C, with the
temperature of the peak particle production rate de-
creasing by 1°C for each additional gram per cubic
meter of cloud liquid water content above 1 g m™>,
and

(e) the presence of >1.0 L' of supercooled rain-
drops increases the rate of conversion of supercooled
water to ice.
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In the absence of direct evidence that the Hallett-
Mossop conditions are met, the observation of graupel
and columnar ice crystals near the active updrafts
would constitute evidence that secondary ice particle
production is taking place somewhere in the system,
and implies the presence of some regions of supercooled
cloud. The formvar replicator data gathered in Hur-
ricane Ella provide the only direct evidence that the
conditions favoring the Hallett-Mossop process were
present in a hurricane. The cloud droplet spectra pre-
sented in Fig. 5 were recorded in a rainband outside
the eyewall. They meet the Hallett-Mossop criteria for
droplet spectra, as do many other formvar droplet
spectra. In addition to the droplets, both the replicator
and the 2D-C probes reveal the presence of both mil-
limeter-sized graupel and columns. The FSSP data col-
lected in Ella also indicate that cloud droplets existed
at all diameters in its range (0.003-0.045 mm).

In the other two hurricanes, no direct confirmation
of the existence of conditions suitable for secondary
ice nucleation could be obtained, but indirect evidence,
such as the discovery of millimeter graupel in all of the
updrafts observed at temperatures colder than about
—3°C, and the presence of columns in three of the
downdrafts adjacent to the stronger updrafts (Ella at
1943:30, Allen 5 August at 1746:00, and Irene at
1415:30), is plentiful. The columns could only have
been nucleated in the updraft near the —4°C level be-
cause only there were conditions favorable for column
growth.

The radial penetrations showed that the ice particle
concentration decreased rapidly with increasing dis-
tance from the convection. The ice particle concentra-
tion in Irene decreased from 40-200 L! in the rain-
band to <0.1 L™! < 30 km or so radially outward.
Hurricane Allen, with its vigorous eyewall, had a much
thicker ice cloud in its outflow, as shown by the exten-
sive stratiform areas visible on the radar composites.
In Allen, the 2-D data revealed large aggregated snow-
flakes in concentrations that seldom fell below 1 L™}
as far as 50 km radially outward from the eyewall.
These data are clear indications that the eyewall con-
vection was a major source of ice particles for the other
parts of Allen because, particularly on 8 August 1980,
the nearest rainband was 75 km or more beyond the
eyewall. Given the relatively warm temperature at
which this ice was found and given that most of the
ice particles were graupel or snow, primary nucleation
from atmospheric aerosol does not seem to have been
the most likely ice-forming mechanism.

That secondary ice production involving graupel
occurs in hurricanes was indicated by the repeated dis-
covery of downdrafts warmer than —5°C which con-
tained both graupel and numerous small ice particles,
sometimes small columns. These downdrafts were al-
ways found adjacent to active updrafts, which provided
a source of condensate. Most of the particles observed
in the downdrafts had no recognizable crystal habit,



820

and particles large enough to be identified with a 0.050
mm resolution 2D-C probe (0.3-0.4 mm diameter) are
also large enough to be efficiently rimed if supercooled
cloud water is present. Thus any ice particles that were
injected into the large updrafts would probably grow
rapidly into graupel, so it is not surprising that we did
not observe large numbers of small particles in the up-
draft regions. Because the cloud liquid water content
(as measured by the JW device) in updrafts of com-
parable strength is much lower at temperatures < 0°C
than at temperatures warmer than 0°C, most of the
updrafts above the 0°C isotherm were probably gla-
ciating.

The circumnavigation of Allen provides additional
evidence in favor of rapid liquid to ice conversion in
hurricanes. While Irene’s rainband was similar to an
eyewall, the rainband of Allen had an entirely different
structure. It was primarily stratiform and almost totally
glaciated, with only one updraft that exceeded 2 m s™ 1.
This updraft, which peaked at 6 m s™' at 1748:00, con-
tained only graupel and numerous smaller ice particles.
The JW liquid water content never exceeded 0.5 g m™3,
much less than was observed in updrafts of similar
magnitude by the same JW on the same flight at tem-
peratures > 0°C (see Fig. 8 for an example). Because
the 2-D images were primarily medium-to-large graupel
and snowflakes, most of the liquid water was concen-
trated in droplet sizes < 0.2-0.3 mm.

The observations from these three hurricanes have
led to the development of a conceptual model of hur-
ricane microphysics near the 0°C isotherm (Fig. 14).
This model is based upon observations from the more
than 10 radial penetrations of intense updrafts in eye-
walls and rainbands, as well as four tangential traverses
down the length of the convective rainband of Irene.
The figure represents a typical composite of the 3.2 cm
wavelength radar reflectivity cross-section through a
convective eyewall containing a strong updraft-down-
draft couplet, as well as typical variations of temper-
ature, vertical velocity, and liquid water content. The
dynamical features such as the radial wind, updraft
slope, and the position of the tangential wind maxi-
mum are patterned after Jorgensen (1984b). Also pre-
sented are particle types and relative concentrations
for both water and ice particles. The maximum reflec-
tivity is associated with updrafts that contain <10 L™!
raindrops and large graupel, while the downdraft on
the outer edge of the reflectivity maximum contains
large numbers of small ice particles. The downdrafts
on the inner edge of the eyewall were observed on many
occasions, particularly adjacent to strong updrafts. Ice
particles were observed in the inner edge of the Irene
radial penetration, but not in thé others, probably be-
cause only the Irene pass was wholly colder than 0°C.
The closer the penetration is to the altitude of the 0°C
isotherm in the outer regions, the sharper the transition
is between liquid and ice particle areas between the up-
and downdrafts. Cloud liquid water contents > 1 g
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FIG. 14. Schematic of the strong eyewall updrafi-downdraft in radial
cross section, showing the location of the updraft with respect to the
eyewall and principle rainband. The concentration and particle phase
indications represent what would be typically found in a penetration
across such a feature at a level at or <2 km above the altitude of the
melting level in the outer regions of the storm. Ice particles on the
inner edge of the convection were only found in the radial penetration
of the Irene rainband. That penetration was the only one made where
the inner edge was colder than 0°C.

m~3 occur only in updrafts warmer than —1°C or
stronger than about 5 m s™!, which implies a rapid
conversion of cloud water to ice. The sharp horizontal
temperature gradient present in the eyewall provides
a path whereby ice particles may be transported very
near the level of the 0°C isotherm in the updraft. This
temperature gradient is often >0.5°C km™!, and allows
downdrafts to advect much ice to levels where it can
be mixed into the updrafts by turbulent mixing, thus
allowing both graupel production and secondary nu-
cleation of new ice particles to proceed in a self-sus-
taining manner.

The eyewall penetrations without strong updrafts or
downdrafts were quite different than the others. Thesg

of JW liquid water above the 0°C isotherm level, and
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the ice particle concentrations in the outer portions of
them were >30-50 L™!. The updrafts were generally
too weak to support millimeter droplets, the cloud
droplets responsible for the JW liquid water content
are too small for the NOAA 2D-C to measure, and the
penetration temperatures were usually too warm (about
—1°C) for efficient ice nucleation. The relatively flat
size spectra suggest that the ice particles were advected

horizontally, and did not nucleate where they were ob-

served. Furthermore, the low liquid water contents and
low updraft velocities are not conducive to graupel
growth or secondary ice production.

The occurrence of downdrafts on the eye side of the
eyewall points to a region of substantial mixing between
the saturated air of the eyewall and the dry subsiding
air of the eye. This mixing alone can give rise to ap-
preciable negative buoyancy, and could be responsible
for the observed downdrafts. More importantly, the
evaporatively cooled air could descend within the slop-
ing eyewall itself, to mix ice particles downward into
the adjacent updraft. The mixing thus appears to be
the reason that supercooled water fails to penetrate to
heights much above the —5°C level in hurricane eye-
walls; downdrafts sheath both sides of the updraft,
leading to strong shear regions and ice incorporation.

Stratiform areas are much different from the eyewalls
in that the medium and large particles are primarily
aggregated snowflakes. Columns, if present in the
stratiform regions, were almost always observed within
10-15 km of convective updrafts. The stratiform re-
gions were characterized by the almost total absence
of cloud and precipitation-sized liquid water. Ice par-
ticle concentrations were generally 5-25 L~!, and the
particle size spectra were flat, which indicates that the
nucleation and advection of small ice into this region
was balanced by the aggregation and sedimentation of
ice out of this area.

8. Summary and conclusions

This paper reports observations of the phase, con-
centration and spatial distribution of cloud and pre-
cipitation particles above the 0°C isotherm in three
Atlantic hurricanes. The observations indicate that ex-
cept in the strongest updrafts, hurricane convection is
largely glaciated at temperatures as warm as —5°C.
Furthermore, most hurricane updrafts contain at least
some graupel, even at temperatures as warm as —2°C,
and all updrafts > 5 m s™! existed in close proximity
to downdrafts that contained large concentrations of
ice particles. Total particle concentrations as high as
200 L™, of which 20-30 L™! were graupel, occurred
frequently in downdrafts. Many of the smaller particles
were columnlike, indicating ice grown by diffusion at
a temperature near —4°C. Outside the updraft/down-
draft areas, the particles were primarily large snowflakes
and some columns with concentrations of .15-30 L™!
in rainbands, and 1-15 L™! between the eyewall and
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principal rainband. No cloud liquid water or liquid
precipitation was observed above the melting level in
any stratiform area except in the updraft in Allen’s
principal rainband.

The presence of ice both in the convective and strat-
iform areas lends credence to the numerical results ob-
tained by Lord et al. (1984) using an axisymmetric
hurricane model with parameterized ice microphysics.
Extensive mesoscale downdrafts that originated near
the 0°C isotherm occur in the model. The mesoscale
downdrafts substantially slowed the growth of the
model vortex in comparison with model runs without
the ice microphysics. The relative abundance of fast-
falling graupel with respect to slow-falling snow con-
trolled the horizontal spread of the cooling caused by
melting particles. Thus, the locations of the mesoscale
downdrafts were controlled by ice particles.

Radar observations provided indirect confirmation
of the presence of ice. The rainband and eyewall radar
reflectivity decreased very rapidly with height above
the 0°C isotherm, and a brightband was often observed
below the 0°C isotherm in the rainbands (Jorgensen,
1984a). These observations lead to the speculation that
most of the liquid water that reaches the 0°C isotherm
in hurricanes is frozen well below the —10°C isotherm.
This is in direct contrast to the situation over southern
Florida in summer, where ice particles were relatively
rare at —10°C in natural growing convective clouds
(Hallett et al., 1978). The warm temperatures involved
in this study, plus the abundant graupel in hurricane
convection argue against the predominance of primary
nucleation as the principal ice-forming mechanism.
Rather, most of the ice originates through secondary
nucleation or “ice multiplication” processes in the
eyewall updrafts. This ice is redistributed throughout
the storm by the upper and midlevel outflows. The
redistribution results in ice concentrations in the strat-
iform areas that are much larger than those which could
be generated by primary nucleation alone. An impor-
tant deduction can be made from these results.

The presence of supercooled water is evidence for a
microphysically unstable cloud system. In these hur-
ricanes, little supercooled water was observed anywhere
except in the strongest eyewall updrafts. Thus, given
the apparent scarcity and transient nature of these up-
drafts, as well as the vast quantities of ice particles at
the 6 km level in all quadrants of the storm, it is unlikely
that large quantities of supercooled water reach tem-
peratures colder than about —10°C in mature hurri-
canes. Active cloud seeding with ice nuclei in mature
hurricanes, as had been attempted in project STORM-
FURY, would seem to be superfluous (Willoughby et
al,, 1985). ‘

Nevertheless, developing tropical storms that do not
have a closed circulation above the 0°C level may oc-
casionally contain sufficient supercooled water for
cloud seeding with ice nucleants to be effective. The
simultaneous occurrence of supercooled water and ice
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that was occasionally observed in the eyewall has been
shown to be related to electric charge separation (Dye
et al., 1986). This evidence suggests that remote mea-
surements of lightning or electric field strength may be
useful in locating regions in the hurricane that contain
supercooled liquid water. The transient occurrence of
supercooled water associated, for example, with eyewall
regeneration (Jorgenson, 1984b) should also be con-
sidered. Glaciation of such regions may occasionally
be delayed enough to allow the penetration of super-
cooled water to higher, colder levels, as often occurs
in isolated cumulus convection. However, the first up-
draft to glaciate in this situation would eventually sup-
ply ice to be transported both radially and tangentially
around the storm (within about 30 min) to naturally
seed any remaining supercooled water.
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